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Introduction
As a group, hematologic cancers are the fourth most common cancer type in the United States [1] . In 2012 an estimated 70,130 cases of Non-Hodgkin lymphoma (NHL), 21 ,700 cases of multiple myeloma (MM), 16 ,060 cases of chronic lymphocytic leukemia (CLL) and 13,780 cases of acute myeloid leukemia (AML) were diagnosed [1] . In spite of considerable advances with novel therapeutics, including monoclonal antibodies, stem cell transplantation and targeted therapies, the number of patients succumbing to these diseases remains high, with more than 45,000 deaths estimated in 2012 [1] .
In both hematological cancers and solid tumors, therapies that target cancer drivers have been shown to be clinically beneficial. With this in mind, we identified the PIM family of proto-oncogenes as a suitable target given that they are highly expressed in hematological malignancies. While gene expression alone is not always a fair predictor of cancer relevance, PIM kinases display a few unique features. Once properly folded PIM kinases require no further post-translational modifications for their activity [2] ; indeed, the crystal structure of PIM1 supports a model in which the unphosphorylated protein adopts an active conformation [3] . In addition to transcriptional regulation, PIM kinases are phosphorylated and auto-phosphorylated to regulate their stability [2] . Thus, the cellular activity of each PIM kinase is primarily regulated by the balance of synthesis and degradation of the protein itself [2] , suggesting that expression alone may be a useful predictor of where PIM kinases are active.
The PIM kinases have roles in cell cycle progression, cell survival and tumorogenesis [4] . PIM1 was originally discovered as an oncogene by frequent proximal Proviral Insertions of Murine Leukemia Virus in lymphomas of infected mice [5, 6] . Similar unbiased insertional mutagenesis screens were used to demonstrate the oncogenic potential of PIM2
[7] and PIM3 [8] in PIM1 and PIM1/2 knockout mice, respectively, suggesting that PIMs may have functional similarities in oncogenesis. These studies also demonstrated that PIM kinases in conjunction with c-Myc result in synergistic induction of cancer [9] .
Research.
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Author Manuscript Published OnlineFirst on January 28, 2014; DOI: 10.1158/1078-0432.CCR- Here we describe LGB321, a potent and selective ATP-competitive small molecule inhibitor of all three PIM kinases (Pan-PIM kinase inhibitor).
LGB321 is unique relative to previously described PIM inhibitors [10] [11] [12] [13] , in that it is active in PIM2 dependent cell lines [14] , a kinase that has proven difficult to inhibit in the cellular context. Consistent with its activity on all three PIM kinases, LGB321 inhibits proliferation of a number of cell lines derived from diverse hematological malignancies, including MM, AML, CML and B-Cell NHL.
In vivo, the compound is orally available, demonstrates efficacy in tumor xenografts and is well-tolerated within the therapeutic exposure range in mice. Taken together, these findings establish PIM kinases as an attractive pharmacological target in cancer therapy.
Material and Methods

Sources of gene expression data
All gene expression microarray datasets were retrieved from public depositories including Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) and ArrayExpress (http://www.ebi.ac.uk/arrayexpress/). Only human primary tumor or normal tissue samples that were hybridized on Affymetrix human genome U133 Plus 2.0 arrays and were obtained from patients that did not receive any treatment prior to tissue resection were selected. After further removing redundant or poor-quality samples, 18960 samples across 40 tissue types were processed for data analysis.
Microarray data processing and analysis
To estimate expression level of each gene, microarray raw CEL files were processed using the Michigan custom CDF [15] (HGU133Plus2_Hs_ENTREZG, version 14) with an extended reference-based RMA summarization method [16] . Fourteen hundred samples from the entire data set were randomly selected to estimate parameters of the RMA fit, which were then applied directly to the remaining microarray samples to produce gene-level expressions. After data processing, expression levels of PIM1, PIM2 and PIM3 were extracted for the samples described in Fig. 1 and Supplementary Fig. 1 and then visualized by boxplots in R (http://www.R-project.org).
Research. Apparent ATP K m calculations were performed with Prism 5 (GraphPad Software Inc) using the Michaelis-Menten equation. K i measurements were performed at high ATP concentrations. For PIM1, the ATP concentration was 2800 μM, for PIM2 it was 500 μM and for PIM3 it was 2500 μM. The apparent K i from these measurements was calculated using 
Biochemical Kinase Specificity Profile
The kinase specificity profile for LGB321 was determined as previously described [17] .
Briefly, protein kinase activity was assayed using either the LanthaScreen TM (www.invitrogen.com) or the Caliper (www.caliperls.com) technologies. The biochemical activity for lipid kinases PI3Kα, PI3Kβ, Vps34, PI4Kβ was determined by a luminescence assay based on ATP consumption (KinaseGlo; www.promega.com) with PI as the substrate, while PI3Kγ, PI3Kδ were determined by the Adapta TM TR-FRET technology (www.invitrogen.com). For determination of the biochemical activity of recombinant mTOR an antibody-dependent TR-FRET assay was used with 4EBP1 as substrate as well as an "ATP-binding assay", which measures the occupancy of compounds in the ATP site of mTOR.
Research. 
Cell lines and reagents
The KMS-11.luc human multiple myeloma tumor cell line, a KMS-11 clone expressing firefly luciferase, was obtained from the University Health Network (UHN), Toronto, Ontario, Canada. KMS-11.luc and OPM-2 (DSMZ, Germany) were cultured in RPMI-1640 (ATCC, Manassas VA) supplemented with 10% FBS. AML cell lines KG-1 (ATCC) and MOLM-16 (DSMZ, Germany) were cultured in IMDM (ATCC) or RPMI-1640 (ATCC) respectively, supplemented with 20% FBS. The AML cell line P31/FUJ (HSRRB, Japan) was cultured in RPMI-1640 (ATCC) media supplemented with 10% FBS. All cell culture media for in vitro work was additionally supplemented with 20 mM glutamine, 1,000 IU/ml penicillin and 1,000 µg/ml streptomycin. The origin and in vitro methods for the 947 independent cancer cell lines in Cancer Cell Line Encyclopedia has been previously reported [18] . Prior to implantation in vivo, KMS-11.luc and KG-1 cells were cultured in DMEM (Corning, Manassas VA) plus 10% FBS and 1% L-Glutamine (Corning, Manassas VA).
Cellular proliferation Assays
To assess the effect of LGB321 on proliferation, cells were seeded in 96-well tissue culture plates followed by addition of compound that had been serially diluted to achieve a final concentration range of 10 μM to 2nM in 0.1% DMSO. After addition of LGB321 to cells, assay plates were returned to a humidified CO 2 incubator (37°C; 5% CO 2 ) for 3 days. To determine KMS-11.luc cell growth, 100μl per well of reconstituted CellTiter-Glo® reagent was added to the cell assay plates. Assay plates were then sealed and shaken on a DELFIA (Perkin Elmer) plateshaker for 10 minute at 400 -600 RPM. Plates were then read on Author Manuscript Published OnlineFirst on January 28, 2014; DOI: 10.1158/1078-0432.CCR- were obtained from commercial sources (ATCC or DSMZ) and were cultured in RPMI or IMDM plus 10 to 20% FBS (Invitrogen) as supplier recommended. All cell lines were thawed from frozen stock, grown at 37°C, 5% CO 2 , 95% RH and cultured in T75 flasks using standard culture techniques. They were expanded for at least 2 passages before being added in assay micro-titer plates. Cell count was measured using a CASY ® Model TT counter (Roche Applied Science). All cell lines were tested for and shown to be free of Mycoplasma using PCR detection. In addition cell line identity was verified by SNPgenotyping. Cell lines were dispensed into 384-well plates (Greiner Bio-One, #781098) with a final volume of 25µL and concentrations ranging from 250 to 4000 cells per well in duplicate plates. Cell viability was assessed 3 hours after seeding in the first plate (start value) and 120 hours after seeding in the second plate by adding 25 µL Cell Titer-Glo® 
Phosphoprotein assays
Commercial electrochemiluminescence (ECL) assay kits from Meso Scale Discovery (MSD; Rockville MD) were used to quantify the effects of LGB321 on the levels of phosphorylated S6RP and BAD in KMS-11.luc cells.
For in vitro assays, KMS-11.luc cells were seeded in 96-well tissue culture plates and then
LGB321 was serially diluted and added to cell plates to achieve a final concentration range of 10 μM to 2nM in 0.1% DMSO and incubated with cells for 1 hour at 37°C. Cells were pelleted by centrifugation for 7 minutes at 1,500 rpm, media was gently aspirated, and MSD lysis buffer added. Cells were lysed by placing plates on a DELFIA (Perkin Elmer, Waltham MA) plate shaker at 4°C and shaking the plates for 30 minutes at 600 RPM. LGB321 was formulated for oral administration in 50mM Acetate buffer, pH4. The concentration of LGB321in plasma was determined following extraction in acetonitrile using liquid chromatography and tandem mass spectroscopy (LC/MS/MS). Cytarabine (Hospira, Lake Forest IL) was diluted was diluted in bacteriostatic water and prepared fresh daily.
Statistics
For in vivo studies, statistical significance of differences in tumor volume was determined by a One-way Analysis of Variance (ANOVA), and pair-wise comparisons were made by the Uncorrected Fisher's LSD post-test (GraphPad Prism software, La Jolla CA).
Results
Comprehensive analysis of PIM kinases mRNA Expression:
Elevated expression of PIM kinases and their role in cancer progression have been extensively reported in the literature [4] . However, a comprehensive evaluation of their expression in a large number of samples across normal and cancer tissue types has not been reported. Given that PIMs are constitutively active kinases [3] , we reasoned that high mRNA expression could be used to identify cancers in which PIM kinases are active. We evaluated data sets derived from Affymetrix human genome U133 arrays from public depositories for PIM kinases expression. All primary data was normalized to allow direct comparison of expression across all tissues (Materials and Methods). Expression of PIM1, PIM2 and PIM3 was examined in normal and malignant samples derived from 17 different tissue types ( Supplementary Fig. 1 ). Consistent with their known roles in cytokine signaling in hematopoiesis [2] , all three PIMs are expressed at higher levels in hematological samples as compared to other tissues ( Fig. 1 and Supp. Fig. 1 ). Increased expression of PIMs in most cancer types over their normal tissues counterpart is rather modest on average, suggesting that PIM kinases expression is primarily hematologic lineage-specific.
Interestingly, across hematological malignancies various PIM isoforms are expressed at higher levels in ALL, AML, MM or DLBCL-NHL samples, relative to samples of liver, lung, pancreas, prostate and stomach cancers (Fig.1 ). PIM2 expression in MM appears to be significantly higher than all other tissues examined, including normal bone marrow, while PIM1 expression is higher in AML, ALL and DLBCL than in MM (Fig.1) . In addition to the functional similarities as oncogenes [7, 8] , this observation suggested that in order for a small-molecule inhibitor to have broad clinical utility the effective inhibition of all three PIM kinases (Pan-PIM) would be required. Since we had observed that the MM KMS-11.luc cells are dependent on PIM2 for proliferation [14] and, since PIM2 inhibition is the most challenging in the cellular context (as described in the next section), we chose this cell line to drive the development of potent Pan-PIM inhibitors in cells.
Biochemical activity and selectivity of the Pan-PIM inhibitor LGB321:
We reasoned that an ATP-competitive inhibitor was most likely to inhibit all three PIM kinases, since the ATP binding pocket is highly conserved among the three PIM kinases and has some unique features relative to the ATP pocket for other kinases [3] . The development of a cell-active ATP competitive inhibitor for PIM2 was particularly challenging, given its low ATP K m (4 µM; Fig.2B ) as compared to the K m for PIM1 or PIM3
(400 µM and 40 µM respectively; Fig.2B) . Thus, the desired inhibitor needed to be potent enough to compete with the large excess of cellular ATP (in the range of 1-10mM) [19] , about 250-2500 fold higher than the K m for ATP of PIM2. We developed a series of highly potent and selective inhibitors of all three PIM kinases [20] and selected LGB321 ( Fig. 2A) as a tool compound with such characteristics. The inhibition constant (K i ) for LGB321 was determined to be in the single digit picomolar (pM) range for each of the three PIM kinases (Fig.2B) . Several groups have developed inhibitors to the PIM kinases in both academic and industry settings [10] [11] [12] [13] ; however, to our knowledge LGB321 is the most potent compound so far described. When directly compared to two other PIM inhibitors tested in clinical trials, it is clearly more potent (Supp. Fig.2;[20] ).
The selectivity of LGB321 was first determined in biochemical assays of a panel of 7 lipid kinases and 68 diverse protein kinases that included PIM2 (Table 1) . In this panel, only PIM2 was significantly inhibited by LGB321 with an IC 50 of <0.003 µM, the lowest sensitivity range for the assay. While biochemical potency in the range of 4-10 µM was demonstrated against eight other kinases in this assay, these IC 50 represent a greater than 10 6 fold differential relative to the K i on all three PIM kinases. The biochemical IC 50 for all other kinases tested in this panel was >10 µM (Table 1) . We further evaluated the selectivity of LGB321 using the KINOMESCAN TM binding displacement assay (Supp. Fig.3 ; [20] ). The results demonstrate that LGB321 has a high selectivity score with activity against only two other kinases (EGFR and ERK8) in this assay, in addition to the PIM kinases (Supp. Fig.3 and [20] ).
We further evaluated the activity of LGB321 at the cellular level on two of the potential off-targets. First we monitored the activity of LGB321 on GSK3β, the most potent off-target kinase identified in the biochemical assay ( Table 1) . As seen in Supplemental   Fig.4 early compounds of the LGB321 series showed cellular inhibition of GSK3β, as demonstrated by the stabilization of β-catenin. However, compound optimization increased the biochemical selectivity and resulted in complete lack of activity of LGB321 on GSK3β in cells (Supp. Fig.4) . We next evaluated the activity of LGB321 on EGFR, as it was identified as the most potent off-target in the KINOMESCAN TM binding displacement assay.
Despite this result, we found no evidence of inhibitory activity in EGF signaling in the cellular context (Supp. Fig. 5 ). Together these results reinforce that LGB321 is a highly potent and selective Pan-PIM inhibitor.
Cellular activity of LGB321:
The cellular activity of LGB321 was evaluated in KMS-11.luc cells, a KMS-11 clone expressing firefly luciferase that we have demonstrated previously to be dependent on PIM2 kinase activity [14] . Western blotting (Fig. 3A ) was used to demonstrate that LGB321 inhibited the phosphorylation of BAD at Ser-112 (a direct PIM kinase substrate [22-24]) and two proteins downstream of the mTOR-C1 complex (S6K at Thr-389 and its substrate S6RP at Ser-235/6 [25] ) in a concentration dependent manner. The effect of LGB321 in phosphorylation of S6K or S6RP is not due to an off-target effect on mTOR, since the compound was inactive in the mTOR biochemical assay shown in Table 1 and did not inhibit the phosphorylation of S6K or S6RP in 293A/TSC2-null cells with constitutively active mTOR [14] . Thus, PIM kinases likely act upstream of mTOR to regulate its activity, a finding which agrees with our recent data demonstrating that PIM2 regulates mTOR through phosphorylation of TSC2 in the Tuberous Sclerosis Complex [14] .
To better understand the relationship between the biochemical and cellular potency of LGB321, we used quantitative Meso Scale assays designed to measure levels of phosphoResearch.
on July 16, 2017. © 2014 American Association for Cancer clincancerres.aacrjournals.org Downloaded from BAD (pBAD) and phospho-S6RP (pS6RP). Similar to the Western blot results, these assays confirm that LGB321 inhibits phosphorylation of both BAD and S6RP (at both the Ser-235/6 and Ser-240/6 sites, respectively) in a concentration dependent manner in KMS-11.luc cells (Fig. 3B) . In parallel experiments we also determined the effect of LGB321 on the proliferation of KMS-11.luc cells using CellTiter-GLO ® assays. The potency of LGB321 in modulating PIM signaling correlated well with the inhibitory effects on KMS-11.luc cell proliferation ( Fig. 3B and 3C) . We obtained similar results in KMS-26, KMS-34 and H929 MM cells, in which LGB321 inhibition of proliferation and PIM signaling was observed [14] .
Interestingly, the inhibition of pBAD by LGB321 in these MM cell lines did not correlate with significant induction of PARP cleavage [14] . Taken together, our results demonstrate that LGB321 is a potent and selective Pan-PIM inhibitor capable of inhibiting PIM kinase signaling and proliferation in PIM2 dependent MM cell lines.
Activity of LGB321 in a large panel of cancer cell lines:
Having established the potency, selectivity and cellular activity of LGB321, we proceeded to use it to test the hypothesis that PIM inhibition would have the greatest impact on cell lines derived from hematological lineages where PIM kinases are most highly expressed. To do this, we took advantage of our high throughput compound screen of over 500 cell lines from the Cancer Cell Line Encyclopedia (CCLE; [18] ). It should be noted that in addition to test compounds of interest, many other well characterized inhibitors and cancer drugs have been included in the CCLE screens, including Panobinostat, Erlotinib and PLX4720 [18] . These inhibitors serve as controls for specificity by showing differential activity in cell lines of diverse cancer lineages or genetic backgrounds [18] . LGB321 has been tested in this screen on three different occasions, and in each case with similar results (data not shown). For simplicity, the data from a single screen are presented here to demonstrate the pattern of LGB321 activity. As is apparent in stomach cancer cell lines (Fig. 4A) . The limited activity observed in some lung cancer cell lines was not due to potential activity against EGFR since LGB321 does not inhibit EGFR signaling in cells (Suppl. Fig.5 ). This was further supported by the fact that the lung cell lines tested showed differential sensitivity to LGB321 and Erlotinib, a potent and specific EGFR inhibitor (Suppl. Table 1 ). In general, the lack of activity of LGB321 in cell lines derived from solid tumors, including cancer indications for which evidence of roles for PIM kinases have been reported, was somewhat surprising. A possible explanation for this observation is suggested by the recent report that PIM kinase inhibition may result in increased expression of several tyrosine kinase receptors in prostate cancer cells [26] , which activates the MAP kinase and PI3K/AKT pathway as the main drivers of proliferation in these cells. Nevertheless, our results with a highly potent and selective inhibitor suggest that in solid tumors PIM kinases are not the primary driver of proliferation.
To further explore the LGB321 activity in hematological malignancies, we tested it in a screen that was adapted to evaluate the sensitivity of compounds on an extended panel of hematological cell lines (Fig.4B , Supp. Table 2 
Activity of LGB321 in vivo
We have reported elsewhere the antitumor activity of LGB321 in the MM KMS-11.luc xenograft model, together with a detailed characterization of its mechanism of action in MM cells [14] . Here we focus on the characterization of the LGB321 activity in an AML xenograft model. Among the sensitive AML cell lines tested in the expanded hematological cell line panel (Fig.4B and Supp. Table 2 ), KG-1 cells was chosen as a model that readily grows in vivo. We first verified that KG-1 cells were indeed sensitive to LGB321 in several independent CellTiter-GLO ® proliferation assays (GI 50 of 0.08±0.07 μM, N=7). We then tested if PIM inhibition in KG-1 cells resulted in modulation of pBAD and the mTOR signaling pathway and found that indeed LGB321 effectively inhibited both signaling pathways (Fig.5A ). Having established in vitro the responses of KG-1 cells to PIM inhibition, we proceeded to evaluated in vivo the LGB321 pharmacokinetic-pharmacodynamic (PK/PD) relationship in KG-1 subcutaneous tumors (Fig. 5B) . Following a single oral dose of LGB321 (30 or 100 mg/kg), at the indicated time points plasma and tumor samples were collected for pharmacokinetics and pharmacodynamics analysis, respectively. PIM kinase inhibition was determined by assessing the modulation of pS6RP and pBAD in tumor lysate using the quantitative Meso Scale assay and the results were expressed as a ratio of their phosphorylated to unphosphorylated forms (Fig.5B) . A dose-dependent increase in the plasma concentration of LGB321 was observed (Fig. 5B) . At the 100 mg/kg dose, the plasma concentration was maintained at higher levels through 24 hours, while at the 30 mg/kg dose a gradual reduction in the plasma concentration occurred. The modulation of pS6RP in tumors was also dose-dependent with more sustained inhibition at 100 mg/kg but only transient inhibition at 30mg/kg. In contrast, both doses achieved equally significant and sustained pBad inhibition through 24 hours. This observation raises the question of which target modulation marker would better predict the in vivo efficacy of
LGB321.
To address this question, we tested the same 30 and 100 mg/kg doses of LGB321 in a daily regimen (QD) of oral dosing in an 11 day efficacy study. At the 30 mg/kg daily 
regimen of LGB321, we observed near stasis with only minor increase in tumor volume relative to the vehicle control (Fig. 5B) . In contrast, slight tumor regression was observed with the 100 mg/kg QD regimen. This data establishes that the extent and duration of pS6RP, and not pBad, modulation correlates with efficacy in this AML model, a finding in agreement with our previous data in MM models [14] . We have also recently reported similar in vivo activity of LGB321 in the AML EOL1 xenograft model [20] . In the current study, we tested the combination of LGB321 with the nucleoside analog cytarabine, a standard-of-care in the clinical treatment of AML. KG-1 tumors did not exhibit a significant response to cytarabine alone when delivered at 100 mg/kg daily, a dose which results in clinically relevant exposures [21] . When 30 mg/kg LGB321 QD dose was combined with 100mg/kg QD dose of cytarabine, a synergistic effect resulting in slight regression was achieved (Fig. 5B ). When combined with the higher dose of LGB321, the synergistic effect was not statistically significant, given that regression was achieved with 100 mg/kg
LGB321 alone. However, the combination of cytarabine with LGB321 induced significant body weight loss following the fifth day of administration (not shown), which required dosing to be halted only in the combination arms for two days before resuming treatment.
These results demonstrate the efficacy of LGB321 both as a single agent as well as in combination with cyatarabine, even in a model which is refractory to this standard of care as a single agent.
Discussion
Here we demonstrated that each of the three PIM kinase family members is most highly expressed in at least one sub-type of hematological cancer. This observation coupled with the fact that PIM family members can substitute for each other to generate lymphomas [6, 7] indicates that in order to effectively treat hematological cancers an inhibitor of all three isoforms is required. Furthermore, we describe LGB321, a potent and selective inhibitor of the PIM kinase family members capable of inhibiting PIM2 at the high cellular concentrations of ATP [20] . Since LGB321 is a picomolar inhibitor of all three PIM family members, we carefully evaluated its selectivity against other kinases in both biochemical and cellular contexts. The selectivity was tested biochemically in a panel of 75 kinases (Table 1) and by binding displacement assays in a panel of 386 kinases (Suppl. Fig.3; [20] ). Furthermore, cellular assays for the closest off-target kinase in each of these panels (Suppl. Fig. 4 & 5 ) were used to demonstrate that LGB321 was inactive on these kinases at concentrations well above the on-target activities on PIM2 dependent cells (Fig.   3 ). Selectivity was further evident by the almost exclusive activity of LGB321 in hematological cell lines amongst over 500 cell lines in the Cancer Cell Line Encyclopedia.
LGB321 as single agent was well tolerated in vivo after multiple doses, a finding predicted by the viability and fertility of mice with knockout of the three PIM kinase genes [27] .
LGB321 can be administered orally to reach plasma exposures that allowed us to evaluate the relationship between pharmacokinetics, pharmacodynamics, and efficacy of PIM inhibition in xenograft models. While oral administration with LGB321 leads to a dosedependent increase in plasma exposure, the increased exposure was achieved through extended plasma drug concentrations, rather than successive increases in peak plasma concentration, as exhibited by differences between the 30 and 100mg/kg doses (Fig. 5B) .
The pharmacokinetic properties of LGB321 at higher doses are somewhat advantageous, as the extended exposure is concomitant with sustained target inhibition as evidenced by pS6RP inhibition. The maximal in vivo effect was slight tumor regression at the 100mg/kg/day regimen in the AML KG-1 model (Fig. 5C ) and tumor stasis in the KMS-11.luc [14] and the EOL-1 models [20] . As this dose is near the maximal tolerated dose, we could not assess whether LGB321 would achieve tumor regression at higher exposures.
Nevertheless, stasis or slight regression are consistent with our results that LGB321 leads to inhibition of cell proliferation and not to apoptosis as assessed by PARP cleavage in the KMS-11.luc model [14] . In the KG-1 model, tumor regression of approximately 50% was observed when LGB321 was co-administered with cytarabine, a nucleoside analog that is integral to the current standards of care in AML [28] . Interestingly, in this model cytarabine alone had no effect, highlighting the suggestion that the combined used of this agent and PIM inhibitors could enhance the clinical response [29] .
The higher level of PIM mRNA expression in hematological tissues is consistent with a distinct role for PIM kinases in hematological cancers. We demonstrated that PIM kinase inhibition has an anti-proliferative effect primarily in hematological cell lines, with very limited activity in cell lines from solid tumors. Although the role of PIM kinase in some solid tumors has been extensively described in the literature [2, 4] , our data suggest that PIM kinases play a more significant role in promoting proliferation in hematological malignancies than in solid tumors. Interestingly, PIM kinases were identified as oncogenes by insertional mutagenesis screens in lymphomas from Murine Leukemia Virus infected mice [8, 30] , but not in tumors induced by the Mouse Mammary Tumor Virus [31] . These observations suggest that PIM kinases, in addition to being specifically expressed in the hematologic lineage, are hematologic lineage-specific oncogenes. Our results that the inhibitory activity of LGB321 is observed primarily in cell lines of hematological lineage further strengthens the notion that PIM kinases play a lineage-related role in promoting proliferation of some hematological cancers and suggest that potentially single agent activity may be observed in these cancers.
In aggregate, our results strongly suggest that the use of potent and selective pan-PIM inhibitors, either as single agent or in combination with other agents, will be very useful for the treatment of hematological malignancies in general, and in MM and AML in particular. To test this hypothesis in humans, we have initiated the Phase 1 clinical testing of our development candidate LGH447 in relapsed and/or refractory multiple myeloma. order to better demonstrate the differences in sensitivity across the cell lines, the directionality of bars in the graph is based on a concentration of 1µM (log 0), with cell lines in which 50% growth inhibition was achieved at lower concentrations than 1µM dropping down, and those in which it was higher than 1µM rising up. Hematopoietic cancers are the most sensitive to PIM inhibition. B: LGB321 screen in an expanded panel of cell lines from hematological malignancies.
LGB321 is most broadly effective in MM. In AML a subset of cell lines are very sensitive to LGB321. Sensitivity in ALL, CML, Hodgkin lymphoma and NHL cell lines was also observed. LGB321 (n=9 per group). While 30 mg/kg QD of LGB321 resulted in significant tumor growth inhibition (*, p<0.05), 100 mg/kg QD achieved the greater effect of partial regression. In contrast, cytarabine has no effect in this model as a single agent. However, when combined with 30 mg/kg QD of LGB321, a synergistic effect was achieved resulting in tumor regression (p<0.05). When cytarabine was combined with 100 mg/kg LGB321, the result was also increased tumor regression, though this result was not statistically significant compared to the 100 mg/kg LGB321 group alone. The combination of LGB321 and cytarabine led to significant body weight loss after five successive days of dose, and the combination groups were granted a two day dosing holiday before administration continued. 
